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Epoxy/porous  SiO2 composites  were prepared  with  the  pore  surface  modiﬁed  using  various silane  cou-
pling  agents.  The  N2 adsorption  and desorption  isotherm  shows  that  the  porous  SiO2 used  for  raw
materials  has  sufﬁciently  high  pore  volume.  Their  pore  sizes,  calculated  using  Barrett–Joyner–Halenda
method  as  less  than  20  nm  was markedly  smaller  than  the  mean  free  path  of the  gases  used  for  this
study.  The  respective  degrees  of  gas  selectivity  CO2/N2, CH4/N2, and  O2/N2 were  measured.  Results  show
that  the  epoxy/porous  SiO2 composite  surface-modiﬁed  by APTES  only  exhibits  CO2/N2 gas  selectivity  at
a lower  pressure  drop.  It originates  in the  afﬁnity  between  amino  group  of  the  APTES  and CO2 gas.  The
epoxy/porous  SiO2 composite  treated  by  APTES  also  shows  gas  separation  capability.  The  80%  N2/20%  CO2
mix  gas  was  converted  into  68.2%  N2/31.8%  CO2 gas  after  gas  separation  tests  at  25 ◦C. The gas separation
capability was maintained  at high  temperatures.  The  80%  N2/20%  CO2 mix gas  was  converted  into  70.8%
N2/29.2%  CO2 gas  at 100 ◦C.
© 2014  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Porous materials are widely used as structural and environmen-
al materials, and as biomaterials, among other uses. Gas separation
sing porous materials has lately attracted attention from the
erspective of low running costs. Therefore, zeolite [1–7], carbon
8–14], and silica membranes [15–19] have been actively inves-
igated. Mesoporous silica membranes are now being examined
ith interest because the pore wall surface is easily modiﬁed
y silane coupling agents [17–19]. However, mesoporous silica
resents some difﬁculties for use in research. First, its extremely
hin pore walls are easily damaged while handling. Secondly, when
CM-41 is used as mesoporous silica, which has straight pores, the
ore direction of MCM-41 should orient parallel to the gas perme-
tion direction without pinholes. In light of these circumstances,
e previously proposed porous composites having randomly ori-
nted mesopores and pore walls consisting of SiO2 [20]. These
orous composites were prepared simply by mixing epoxy and
orous SiO2. The SiO2 pores had been previously ﬁlled with the
ppropriate liquid (10% EtOH/90% H2O in mass). Furthermore, the
resent porous SiO2 was mixed with epoxy resin and a hardener.
he obtained samples mainly have approximately 20 nm pores in
orous SiO2. Changing the porous SiO2 loading can change the
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
187-0764 © 2014 The Ceramic Society of Japan and the Korean Ceramic Society.
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ttp://dx.doi.org/10.1016/j.jascer.2014.06.003porosity. The composite containing 40–70% porous SiO2 showed
gas permeability. The obtained porous composites showed Knud-
sen diffusion, which indicates that the gas molecules go through
the pores originating to the porous SiO2 because the pore size
(around 20 nm)  is smaller than the mean free path of N2 and CO2 gas
(70–80 nm). These results suggest that the obtained composites are
available for evaluation of the relation between properties of the
pore wall and the gas separation capability. Moreover, composites
of this type are regarded useful for new gas separation ﬁlters.
For this study, epoxy/porous SiO2 composites were prepared
using modiﬁcation of pore surfaces with silane coupling agents.
Furthermore, the gas selectivity was  calculated from the gas per-
meability coefﬁcient of the provided composites. The relations
between the chemical composition of the pore wall and the gas
selectivity were considered. Moreover, the temperature depend-
ence of the gas separation capability of the sample showing the
highest gas selectivity was investigated.
2. Experimental
2.1. Sample preparation
The preparation concept was presented in an earlier report [20].
For the present study, two preparation methods were used.
One is a method to prepare composites from the epoxy and
the surface-modiﬁed SiO2 in advance. The 10% EtOH liquid mix-
ture (H2O:EtOH = 9:1 in mass) was mixed with the porous SiO2
presented in Table 1 using a propeller-less planetary-type mixer
(AR-250; Thinky Corp., Tokyo, Japan) rotated at 800 rpm and
revolved at 2000 rpm for 2 min. The liquid mixture loading was
about 2.5 mL  for 1 g of porous SiO2. The mixture was  mixed
with epoxy resin (EpoFix Resin, Ballerup, Denmark) and hardener
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Table  1
Porous using SiO2 in this study.
Sample name Porous SiO2 Surface
Untreated FL100D –
OH DIOL MB  100-75/200 1,2-Dihydroxy-3-
propoxypropyltrimethoxysilane
Ca2+ FL100DX Ca2+
NH NH-DM1020 Aminopropyltrimethoxysilane
APTES FL100D Aminopropyltriethoxysilanea
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containerorous SiO2: Fuji Silysia Chemical Ltd., Aichi, Japan.a KBE-903, Shin-Etsu Chemical Co. Ltd., Tokyo, Japan.
EpoFix Hardeners, Ballerup, Denmark) rotated at 800 rpm and
evolved at 2000 rpm for 2 min. The epoxy/porous SiO2 ratio is
0/50 in volume. The obtained mixture was cast into about 20 mm
 and heated at 60 ◦C for 48 h.
The other is a method to prepare composites from epoxy and
ure SiO2. Then, the obtained composites were treated using silane
oupling agents. The untreated composite was soaked into silane
oupling agents in vacuum for 12 h. The sample was dried at
0 ◦C for 48 h. For gas separation capability tests, the tube-shaped
omposite (28 mm Ø outside diameter, 19 mm Ø inside diameter,
0 mm long) was also prepared.
All composites were polished with #100 and #2000 emery
iamond disks (Maruto Instrument Co. Ltd., Tokyo, Japan). The com-
osite thickness was adjusted to 3.0 mm.
.2. Characterization
The porous properties were investigated by determining their
2 adsorption and desorption isotherms at 77 K using a high-
recision surface area and pore size analyzer (Belsorp mini II; Bel
apan Inc., Osaka, Japan). The sample was preheated at 110 ◦C for
4 h under vacuum conditions before the measurement. The pore
ize distributions were calculated from the desorption isotherms
sing the Barrett–Joyner–Halenda (BJH) method [21]. The surface
hemical compositions of the impregnated samples were analyzed
sing X-ray photoelectron spectroscopy (XPS, model 5500 MT;
erkinElmer Inc.) with monochromated Al K radiation having a
ass energy of 23.5 eV. To evaluate CO2 afﬁnity, CO2 adsorption
nd desorption tests using that instrument were also conducted.
he CO2 adsorption was evaluated using temperature programmed
esorption (TPD; TPD-65, Bel Japan Inc., Osaka, Japan). The sample
as preheated in vacuum at 200 ◦C for 1 h, and was  then cooled
o room temperature before measurements. CO2 gas was  then
ntroduced to the sample and adsorbed at 30 ◦C for 1 h. After vac-
um evacuation, the sample was heated at 10 ◦C/min in ﬂowing
e carrier gas. Then the amount of desorbed gas was detected
sing a mass spectrometer from 30 to 150 ◦C. The spectrum was
lso measured under the same conditions without adsorbing CO2
as to distinguish desorbed gas and evolved gas during sample
ecomposition. The spectra were measured for mass quantities of
4 (corresponding to CO2).
The microstructures of the obtained epoxy/porous SiO2 com-
osites were observed using scanning electron microscopy (SEM;
SM-5310, JEOL, Tokyo, Japan).
Fig. 1 shows the N2 and CO2 gas permeability coefﬁcients, , as
easured at room temperature in a room with controlled temper-
ture using Eq. (1) and a gas permeameter. The ﬁlter was sealed in
n airtight container using Viton® O-rings.
 = Q · L (1)
P A
n Eq. (1), P  = (P1 − P2) stands for the pressure drop from the
ntrance to the exit of the ﬁlter (GC61; Nagano Keiki Co., Ltd., Tokyo,
apan); Q denotes the ﬂow rate measured using a mass ﬂow meterFig. 1. Schematic illustration of (a) gas permeametry and (b) gas separation appa-
ratus.
(Model 8500; Kojima Instruments Inc., Kyoto, Japan). Here, A and L
respectively denote the cross sectional area and the ﬁlter thickness.
The gas selectivity  ˛ is the ratio of the obtained gas permeability
coefﬁcient of two gases. The gas separation apparatus is also pre-
sented in Fig. 1. Fig. 1 shows that the tube-typed sample was set.
The mixed gas was prepared from pure N2 and CO2. The CO2 loading
of mix  gas was adjusted to 20.0%. The constant pressure was con-
trolled using a backpressure valve. The mixed gas ﬂow was more
than 12 h. Then, the CO2 loading of mixed gas was measured using
micro gas chromatography (CP-4900; Agilent Technologies Inc., CA,
United States).
3. Results and discussion
3.1. Characterization of SiO2
Fig. 2 presents results of N2 adsorption and desorption test and
the pore size distributions calculated from desorption isotherms
using the BJH method. The isotherms of the samples except for
those of the OH sample show similarly low adsorption at less than
about 0.7 of P/P0. However, they increase very steeply from higher
pressure. The maximum adsorption values are, respectively, about
795, 785, 648, and 579 ml  (STP)/g for the untreated, Ca, NH, and
APTES samples. The pore volume of the samples is the lowest value
(about 395 mL/g), corresponding to half the value of the untreated
sample. The desorption isotherms show desorption at 0.7–0.8 of
P/P0. The isotherm of OH sample shows that the adsorption is
observed at 0.6–0.9 of P/P0, which is slightly lower than the others.
Furthermore, desorption is suppressed at P/P0 more than 0.7–0.8.
The characteristics of these adsorption–desorption isotherms cor-
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Fig. 2. (a) N2 adsorption–desorption isotherms and (b) pore size distribution of the
porous SiO2.
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NH2 group of APTES and CO2 gas formation of carbamate were
reported [28,29]. Knowles et al. also described that CO2, which
◦ ◦espond to type IV behavior according to the IUPAC classiﬁcation
22], typically given by mesoporous silica gel [23–26]. The change
f isotherms is thought to originate in surface modiﬁcation. The
ore size distribution calculated from the results above illustrates
lightly different curves for each sample (Fig. 2(b)). Apart from
light differences, the average pore size was 5–20 nm,  which was
ufﬁciently smaller than the size of mean free path of the gases.
.2. Preparation of epoxy/porous SiO2 composites
The epoxy/porous SiO2 composites were prepared from these
orous SiO2 and epoxy resin. Fig. 3 shows a typical SEM micro-
raph of the obtained epoxy/porous SiO2 composites. The spherical
orous SiO2 was buried in epoxy resin, and partially contacting with
ach other. This microstructure was same as the previous report
20]. For the present study, the epoxy/porous SiO2 composites were
repared by two methods. Both samples showed mostly the same
icrostructure. There may  be no difference in this study; however,
t is expected that one of the two methods provided in this study
s available in the future work, e.g., preparation of samples having
pecial microstructures or sample for other applications.Fig. 3. SEM micrograph of the epoxy/porous SiO2 composite prepared from epoxy
and pure SiO2.
3.3. Gas selectivity
Fig. 4 shows the gas selectivity of the obtained epoxy/porous
SiO2 composites as a function of the pressure drop. Pellet-shaped
composites were used in this section. The O2/N2 gas selectivity was
about 0.9 at all pressure drops measured in this study. It originates
from the fact that the gas permeability of O2 was slightly lower
than that of N2. Theoretical values of the gas selectivity, ˛MA/MB , of
Knudsen diffusion were calculated as follows using the respective
molecular weights M of two molecules [27].
˛MA/MB =
√
MB
MA
(2)
The gas selectivity of Knudsen diffusion is about 0.94, correspond-
ing to the experimentally obtained results. It also suggests that O2
and N2 gas have no afﬁnity with all modiﬁed pore walls because the
gas selectivity of all composites shows the same value. Moreover,
as described in Section 3.1, the pore size and total pore volume of
the porous SiO2 changed. Nevertheless, these changes only slightly
affected the gas selectivity.
Similarly, the CH4/N2 gas selectivity was approximately 1.32
because the CH4 gas permeability coefﬁcient was  slightly high.
This value also shows fair agreement with the theoretical value.
Therefore, it is inferred that O2, N2 and CH4 gas mainly diffuses
Knudsen model. Different from the results presented above, the
CO2/N2 gas selectivity shows a different behavior. The gas selec-
tivity of untreated, OH and Ca samples was constant at about 0.8
in the pressure drop measured in this study. It corresponded to
the theoretical value calculated using Eq. (2). The gas selectivity of
the NH and APTES samples was also about 0.8 at about 0.08 MPa
or more. In this pressure range, Knudsen diffusion is regarded as
dominant. However, the gas selectivity of the NH sample increased
concomitantly with decreasing pressure drop, and achieved about
1.23. The APTES sample showed the same tendency. The maximum
gas selectivity was improved to 2.96. This result also suggests that
the NH and APTES samples have CH4/CO2 gas selectivity.
To evaluate the gas selectivity enhancement, the afﬁnity
between CO2 gas and the pore wall was  measured. Fig. 5 shows
CO2-TPD spectra of the porous SiO2. Untreated, Ca and OH samples
show no peak, which indicates that the CO2 only slightly gets
adsorbed on the pore walls of these samples. In contrast, the
APTES sample shows a peak at around 75 ◦C. This peak is believed
to be attributable to desorption of CO2 from the pore walls. Thechemically adsorbed onto APTES at 20 C, desorbed at 75 C [30].
Our results corresponded to their reports. They indicated that CO2
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Table 2
Chemical composition of the mixed gas after going through the porous ﬁlter.
Temperature (◦C) Pressure drop (MPa) N2 (%) CO2 (%)
25 0.05 83.3 16.7
25 0.02 68.1 31.8
50 0.02 71.6 28.4Fig. 4. (a) O2/N2, (b) CH4/N2, and (c) CO2/N2 gas selectivity of the ob
hemically adsorbed onto the pore walls. A peak attributable to
he carbonates was expected to be observed for NH samples, but
o such a peak was observed, which suggests that the amount
f amino group of APTES is higher than that of NH samples. The
mount of amino group was estimated using XPS. The N/Si ratios
f APTES and NH were, respectively, about 0.25 and 0.09. The CO2
dsorption amount of NH was lower than the detection limit of the
PD apparatus because the N/Si ratio of the NH sample was about
ne-third that of APTES. The CO2/N2 gas selectivity of NH was  not
mproved as that of APTES: the TPD results were supported.
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Fig. 5. CO2-TPD spectra of the porous SiO2.75 0.02 71.3 28.7
100 0.02 70.8 29.2
3.4. Gas separation
Table 2 shows the gas separation capability of the APTES sam-
ple with the highest gas selectivity. The composites were formed in
the shape of tubes for this measurement. Additionally, it was con-
ﬁrmed that these samples have CO2/N2 gas selectivity, which was
the same as that of the pellet-shaped samples. The CO2 loading after
operation at 25 ◦C and at 0.05 MPa  was  16.7%. It was lower than that
of the supplied gas. Fig. 4(c) shows that the CO2/N2 gas selectivity
is about 0.8 under this condition. However, the CO2 loading after
operation at 25 ◦C and at 0.02 MPa  concentrated to 31.8%. Under
this condition, the CO2/N2 gas selectivity is about 3, indicating that
the CO2 passes easily through the composites.
Surface diffusion is known to have temperature dependence.
Gas separation is difﬁcult at high temperatures [31]. Therefore, the
temperature effect for gas separation capability was ﬁnally eval-
uated. The obtained results are also presented in Table 2. The CO2
loading slightly decreased concomitantly with increasing operation
temperature. The CO2-TPD results show that the CO2 gas desorbed
gradually from 50 ◦C. Furthermore, desorption of CO was  com-2
pleted at 120 ◦C. Therefore, a concern arose that the composites
cannot be used at temperatures higher than 50 ◦C. Nevertheless,
the composites maintained their performance at 100 ◦C.
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. Summary
For this study, surface-modiﬁed epoxy/porous SiO2 composites
ere prepared. Their gas separation capability was measured. The
ollowing results were obtained.
1) The N2 adsorption–desorption isotherm shows that the porous
SiO2 modiﬁed by various silane coupling agents has sufﬁcient
high pore volume. Their pore size calculated using the BJH
method was less than 20 nm,  which was sufﬁciently smaller
than the mean free path of the gases used for this study.
2) The epoxy/porous SiO2 composites were prepared from these
porous SiO2 and surface-modiﬁed porous SiO2. It is conﬁrmed
that the microstructure was same as the previous report.
3) The respective degrees of gas selectivity of CO2/N2, CH4/N2,
and O2/N2 were measured. The epoxy/porous SiO2 composite
treated by APTES alone shows CO2/N2 gas selectivity at a lower
pressure drop, which means that this sample also has CO2/CH4
gas selectivity.
4) CO2/N2 gas selectivity originates in the afﬁnity between the
amino group of the APTES and CO2 gas because the samples
modiﬁed by other silane coupling agents showed no gas selec-
tivity.
5) The epoxy/porous SiO2 composite treated by APTES also shows
gas separation capability. The 80% N2/20% CO2 mix  gas was
converted into 68.2% N2/31.8% CO2 gas at 25 ◦C.
6) The gas separation capability decreased slightly. However, the
80% N2/20% CO2 mix  gas was converted into 70.8% N2/29.2%
CO2 gas at 100 ◦C.
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